The major Chlamydomonas reinhardi y-l chloroplast membrane polypeptides-I + II, IV, V(a + b)-have been isolated by use of preparative sodium dodecyl sulfate-gel electrophoresis.
It has been shown that during development of photosynthetic membranes in Chlamydomonas reinhardi y-1, polypeptides of cytoplasmic origin are required for the formation of the membrane structure, although not sufficient for establishing photosynthetic activity. In order to allow photosynthetic electron flow, polypeptides of chloroplastic origin also must be synthesized and integrated into the membranes (20) . In addition, the different membrane polypeptides were found to be associated with either PSI or PSII (2) .
Availability of antibodies specific to these polypeptides should be useful for the study of the synthesis and transport of these various polypeptides to their final location, and the process of their integration into the developing membrane.
In the present work, an attempt was made to determine whether antibodies prepared against SDS-isolated membranespecific polypeptides can recognize the primary structure of the antigen in the intact membrane and affect the photosynthetic activities in which these specific polypeptides participate.
hardi y-I cells were grown in the light as described by Ohad et al. (21) . Cell harvesting and preparation of chloroplast membrane for assays of photosynthetic activities were carried out as previously described (23) . For electrophoretic separation, the membranes were further purified by centrifugation on sucrose gradients (11) .
Preparative Gel Electrophoresis. Fractionation of the photosynthetic membrane into different components was carried out by preparative SDS-polyacrylamide gel electrophoresis. Membrane polypeptides (25 mg) were separated on a 6-cm diameter gel, according to Lagoutte and Duranton (14) . Chlorophyllprotein complexes were obtained using the methods described by Thornber and Highkin (CPI, 3 CPll [26] ), or Laemmli (PSI, PSII [13] ). In the latter case, however, the membranes were dissolved at room temperature. The regions of the gels containing CPI or PSI fractions were cut off from the gels and eluted by electrodialysis (see below). The fractions CPII and PSII were directly eluted from the separation gel and concentrated by electrodialysis. These fractions were purified further by SDSpolyacrylamide preparative gel according to Laemmli (13) and the separated polypeptides IV and Va + Vb were eluted directly from the gel. Alternatively, the regions of the gel containing these polypeptides were sliced using a bread slicer (Geka, West Germany), and the slices were eluted and concentrated by electrodialysis. In the latter case, the regions containing these polypeptides were identified by slicing first a small vertical segment from the gel and staining it for polypeptides as described below.
Analytical Gel Electrophoresis. Analysis of polypeptide composition was carried out by SDS-polyacrylamide gel electrophoresis according to Laemmli (13) , and the gels were stained for polypeptides according to Fairbanks et al. (7) . The mol wt of the polypeptides were estimated according to Weber and Osborn (28) .
Absorption Spectra. Absorption spectra of eluted fractions or gel slices were recorded using an Aminco Chance spectrophotometer operated in the split beam mode.
Electrodialysis. Fractions obtained by preparative gel electrophoresis were concentrated and freed from SDS by electrodialysis. The surface of the membrane (cellulose, Will Scientific, Rochester) was about 4 to 5 cm2, the volume of the solution up to 200 ml, and the current was 100 v. The concentration process, which could be followed optically as the fractions were pigmented, was completed within 2 to 3 hr at room temperature.
The concentrated fractions, which appeared as a 2-to 3-mm distinct layer, were collected, dialyzed for 48 hr against H20 at room temperature and lyophylized.
Preparation of Rabbit Antisera. Isolated purified polypeptides (about I mg) were suspended in 1 ml phosphate-buffered saline (pH 7.2) (0.8% NaCI, 0.02% KCI, 0.115% Na2HPO4, 0.02% KH2PO4 Iw/vi), emulsified with 1.5 ml of Freund's complete adjuvant (Difco) and injected into rabbits both intracutaneously (10 different places on the back) and intramuscularly in the back legs. Four weeks later, 1 mg of each antigen in 1 ml phosphate-buffered saline was given intravenously. Blood was taken from the marginal ear vein 8, 10 and 12 days after the booster. A third injection was given 16 days after the second, using the same method as in the first injection, and blood was again taken 10, 12, and 15 days later. Control sera were taken from each rabbit before immunization.
Immunological Assays. Immunodiffusion was carried out according to Ouchterlony (29) . The gels contained 1.1 % (w/v) agarose in phosphate-buffered saline and the precipitation bands formed were stained by azocarmine (29) . When membranes were used as an antigen, they were solubilized in SDS, deoxycholate, or Triton X-100 (1%). Binding of antibodies to intact membranes was determined using either the Ring Test (29) , or the immunofluorescent technique (29) or by precipitating the antibodies bound to whole membranes out of the antisera and verifying their co-precipitation by immunodiffusion test of the supernatant. In addition, immunoadsorbants containing different antisera were prepared according to Gorsky and Sulitzeanu (8) . Small membrane fragments (27,000g supernatant) were incubated with the different immunoadsorbants, and photosynthetic activities were measured in the 27,000g supernatant after spinning down the immunoadsorbant-antigen complex.
Photosynthetic Activities. Photosynthetic electron transfer activities were measured on membranes prepared as described above. Methylviologen photoreduction was measured polarographically and DCIP photoreduction was measured using an Aminco Chance double beam spectrophotometer, as described previously (23) . Chlorophyll was estimated according to Arnon (1) and protein was measured according to Lowry et al. (16) .
All chemical reagents used throughout this work were of analytical grade.
RESULTS
Isolation of ChlorophyUl-Protein Complexes. It has been reported by Ogawa et al. (19) and by Thornber et al. (27) that chloroplast membranes can be separated into three Chl-containing fractions. The fastest migrating fraction was considered to be free pigment (FP) while the other two, CPII and CPI, were found to contain Chl a + b or only Chl a, respectively, complexed with polypeptides. When electrophoresis of C. reinhardi y-1 chloroplast membranes, dissolved at room temperature, was carried out either according to Thornber and Highkin (26) or according to Laeinmli (13) , similarly pigmented zones were obtained, exhibiting almost identical 500 to 700 nm absorption spectra ( Fig. 1, A (Fig. 2) .
Using preparative gel electrophoresis, about 70% of the polypeptides loaded on the gel could be recovered. The distribution of the polypeptide content in the three different eluted fractions obtained is shown in Table I . The CPII contained about 50% of the polypeptides eluted, while CPI contained only 20% and about 30% were found in the free pigment fraction (cf. also 19, 27) .
Purification of PSI and Polypeptides IV and V. In order to obtain polypeptides clean enough to be used as antigens, the isolated Chl-protein complexes were further purified by a second preparative gel electrophoresis according to Laemmli (13) . Figure 3 demonstrates that large amounts of these fractions could be separated into distinct polypeptide bands. The purity of each fraction was verified by analytical gel electrophoresis (Fig. 4) . It can be seen that pure polypeptides IV and V, as well as a relatively clean preparation of PSI, were obtained.
Characterization of the Antisera. The results of the immunodiffusion tests of the different antisera reacting with specific antigens and with whole membranes are given in Table II . All antisera reacted with their corresponding antigens, with mixed fractions containing them, and with whole membranes dissolved in either SDS, deoxycholate, or Triton X-100. In addition, antisera against polypeptides IV and V cross-reacted with PSI antigen, and antisera against polypeptide V cross-reacted with polypeptide IV. An illustration of an immunodiffusion test is shown in Figure 5 .
No immunoprecipitation was observed with micelles made from membranes' lipid-Chl extract or with membrane fractions lacking the antigenic polypeptides, like the FP fraction (Table   II) .
It has been established that polypeptides IV and V are synthesized in the cytoplasm (2, 10) and have been reported to be present in the soluble phase of cells grown in presence of chloramphenicol (10, 20) . In agreement with this, antisera against polypeptide IV reacted with this soluble (100,000g supernatant) Figure 1 , and were analyzed for their polypeptide composition according to Laemmli (13 (Table III) .
When DPC was used as an electron donor, the activity was inhibited by either IV or V antisera but not affected by aPSI (Table III) .
In order to ascertain whether antibodies are bound to intact membranes, immunoadsorbants containing different antisera were prepared according to Gorsky and Sulitzeanu (8) and methylviologen photoreduction activity was measured in supernatants. A slight decrease (10-15%) in the activity was found when the immunoadsorbants were prepared with either aPSI or aIV. As a further check, antisera were incubated with whole membranes, centrifuged, and the residual antisera tested for immunodiffusion with solubilized antigens. The precipitation bands obtained were much less evident.4 DISCUSSION In the present work, advantage was taken of the fact that Chlprotein complexes, containing specific polypeptides, can be easily purified, in relatively large amounts, by preparative gel electrophoresis. The identification and purity of the fractions obtained can be continuously monitored by measurements of absorption spectra.
Based on the fact that when stained for polypeptide content, the regions of the gel containing the complexes showed only one stained band, Kan and Thornber (12) and Thornber and Highkin (26) have concluded that the complexes contain a single polypeptide each. Therefore, since a major part of the membrane polypeptides is considered to be associated with the Chl, one would expect the membranes to contain only a small number of distinct polypeptides. However, the chloroplast membrane in C. reinhardi has been resolved into at least 30 distinct polypeptides (6) .
When the pigmented zones are eluted from the gels and the complexes dissociated, one finds that the CPI complex contains at least two major polypeptides of 63,000 to 65,000 and 49,000 mol wt. The CPII complex is similarly resolved into at least three major polypeptides of 28,000, 24,000, and 22,000 mol wt. The results are practically identical, irrespective of whether the complexes have been initially separated according to Thornber and Highkin (26) or Laemmli (13) . In the latter case one can identify, in addition to the complexes, more than eight to 10 polypeptide bands.
The Chl-protein complexes, as shown in this work, are a suitable starting material for subsequent purification of polypeptides by a second electrophoretic run. The polypeptides so prepared were freed from most of the SDS present by electrodialysis, but residual quantities were still present. Therefore, the antigens used in this work were protein-SDS complexes. Antibodies prepared against whole chloroplasts (4) or isolated components of the photosynthetic membrane such as Chl (22), plastocyanin (9, 25) , ferredoxin-NADP-reductase (3, 24), or coupling factor (18) , have been shown to react with intact membranes and inhibit the reactions in which the respective antigens are known to participate. Preparation of antibodies able to recognize the primary structure of antigens prepared with SDS has previously been reported (17, 18) , and the data presented here show that indeed the antibodies can recognize the antigens, not only in membranes denatured by solubilization with detergents, but also in intact membranes. However, the antisera did not react with membrane fractions lacking the antigens against which the antisera were prepared (e.g. FP fraction).
The fact thataIV andaV cross-react could be explained if one assumes that polypeptide V, as separated by SDS-gel electrophoresis, is a modified form of polypeptide IV (12) . We would 4The binding of antibodies to the chloroplast membrane was also observed using the immunofluorescent test (29) , but the results were not conclusive due to the highbackground fluorescence of the Chlpresent in the membranes. The cross-reactivity of aIV with the PSI fraction is in agreement with data showing that active purified PSI preparations consist of more than one polypeptide and include traces of polypeptide IV (2).
It has been previously shown that PSII activity is present in mutants lacking polypeptides IV and V (15), while particles highly enriched in these polypeptides do not exhibit PSII activity unless other polypeptides, IIb and IVa, are present (2) .
Nevertheless, binding of aIV stabilized the Hill reaction, while co-binding of aV prevented this stabilization. In addition, both aIV and aV caused a 30% inhibition of DPC photooxidation (Table III) . The effect of aIV and aV on PSII activity can be explained by assuming that the binding of these antisera prevents the accessibility of the electron donors or acceptors. As shown in this work, the effect of aIV depends on the donor used, implying that binding of this antiserum might prevent the access of the donor. Possibly, the effect is more evident when DPC is used as an donor, since its oxidation is a rate limiting reaction of PSII in C. reinhardi (5) .
It is possible that both the Hill reaction and DPC photooxidation are inhibited by aIV, but the inhibition of the former reaction is counterbalanced by its stabilization, following binding of the antiserum. Binding of aV might prevent the binding of aIV and thus cancel its stabilizing effect on the Hill reaction. The Hill reaction in C. reinhardi could also be stabilized by mild cross-linking of the membranes with bifunctional reagents (Kretzer, F. and I. Ohad, in preparation).
The inhibition of methylviologen photoreduction by aPSI,~- which has no effect on PSII activity, can be due either to an interference with the access of DCIP-ascorbate or methylviologen to their sites, or a direct effect on the active center. This specific effect indicates that the aPSI binding site is distinct and Solvents HO0 Table III . Photosynthetic electron transfer activities measured in the presence of antisera
